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ABSTRACT 
 

The current method used in Nebraska for connecting precast concrete deck panels to precast/prestressed 

concrete girders to create composite section is extending shear connectors (i.e., threaded rods) from the 

concrete girder into HSS-formed shear pockets in the deck panels, and then filling the pockets and haunch 

area using self-consolidating concrete (SCC). This method requires high level of quality control/quality 

assurance (QA/QC) in spacing the shear connectors during girder fabrication as well as shear pockets during 

panel fabrication to avoid any conflict between them during erection. Recently, the implementation of ultra-

high performance concrete (UHPC) in bridge connections is growing rapidly as an innovative method of 

accelerated bridge construction. A new precast deck-to-concrete girder connection is developed to eliminate 

any changes to girder design/production and any possible conflict between deck and girder reinforcement 

by utilizing UHPC and its exceptional mechanical properties, flowability, and workability. Typical girder 

shear reinforcement is used and positioned below the soffit of precast deck panels which eliminate the 

necessity of special shear connectors. The composite action between deck panels and girders is achieved 

throw filling round shear pockets (4 - 8 in. in diameter) every 2 - 4 ft. along each girder line and haunch 

areas with UHPC. Loop bars are then embedded in the shear pockets while resting on the top flange of the 

girder to enhance the composite action with adequate development length.  

The experimental investigation focused on the main two interface shear planes that control the structural 

performance of the new connection. The first interface plane is located at the soffit of deck panel at the 

shear pockets in monolithic UHPC and the second is at the top of concrete girder between the fresh UHPC 

and hardened conventional concrete (CC-UHPC). Direct shear, L-shape push-off, double shear push-off 

test tests were conducted to evaluate the interface shear resistance of monolithic UHPC. The interface shear 

resistance of CC-UHPC was evaluated through two different testing methods; slant shear and L-shape push-

off tests. Then, full-scale push-off specimens were fabricated and tested to simulate the new connection and 

evaluate its structural performance and constructability. Based on the experimental investigation results, 

empirical equations are presented to predict the interface shear resistance of the two studied planes that are 

used to provide a design procedure for the new connection. Design and construction recommendations are 

concluded from the outcomes of experimental testing program.  

The outcome of this study is an economical precast concrete deck-to-concrete girder connection that 

simplifies girder design and production as well as panel erection. The new connection provides full 

composite action while maintaining deck durability and speed of construction 
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Chapter 1. Introduction  

1.1. Background 

In 2009, FHWA launched Every Day Counts (EDC) program to speed up highway construction. 

Accelerated Bridge Construction (ABC) is bridge construction that uses innovative planning, design, 

materials, and construction methods in a safe and cost-effective manner to reduce the onsite construction 

time that occurs when building new bridges or replacing and rehabilitating existing bridges (FHWA, 2011). 

FHWA works with states to identify and implement innovations for ABC, such as: 

Å Geosynthetic Reinforced Soil-Integrated Bridge System (GRS-IBS) 

Å Prefabricated Bridge Elements and Systems (PBES) 

Å Slide-in Bridge Construction (SIBC) 

Å Ultra -High Performance Concrete (UHPC) for Connections 

FHWA published national bridge inventory for bridges across US in 2016. One of the 

classifications is bridge deck structure type as shown Figure 1.1. Cast-in-place (CIP) concrete deck is the 

most common used bridge deck type which represents 59.3% of the total bridge deck systems. The CIP 

deck system requires a long duration for forming deck, placing reinforcement, casting and curing concrete 

which leads to long traffic lane closures and detouring. Also, the inconsistent quality is a major challenge 

facing CIP concrete which caused by several factors such as environmental conditions and placing, 

finishing, and curing of concrete. As a result, CIP concrete decks experience excessive early-age shrinkage 

cracking which decreases bridge durability and requires overlay. These disadvantages highly impact the 

construction time and project budget.  

One of ABC innovations is the implementation of prefabricate bridge elements in construction. 

Recently, precast concrete deck panels have been successfully used in ABC projects in various forms and 

systems. Casting deck panels out-side the construction site in a high-quality controlled environment reduces 

the deck cracking and provides more durable elements. Then, the precast deck panels are mobilized to the 

construction site which reduce the construction time and traffic closure. These advantages make the precast 

concrete deck panels system more durable and cost-effective compared to CIP concrete deck system. The 

precast deck panels are connected to the supporting girders through longitudinal and transverse connections 

or/and shear pockets filled with flowable grouting material. 
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Figure 1.1: National Bridge Inventory by Deck Structure Type in 2016. 

Another ABC innovation is using Ultra-High Performance Concrete (UHPC) in bridge 

connections. UHPC is a new generation of cementitious materials that has exceptional mechanical 

properties, durability, and workability. The low water-to-binder ratio, high binder content, use of 

supplemental cementitious material, high particle-packing density, and use of steel fibers significantly 

enhance the fresh and hardened UHPC properties compared to conventional concrete (CC). According to 

ASTM C1856-17, UHPC is characterized by a minimum specified compressive strength of 17 ksi, 

maximum aggregate size less than 1/4 in. and flow between 8-10 in. UHPC became commercially available 

in the U.S. through several proprietary sources around the year 2000. Since its introduction to the 

commercial market, the use of UHPC in various applications has been the focus of multiple research 

endeavors. The exceptional durability and mechanical properties make UHPC an ideal grouting material 

for field casting connections that reduce cracks and leakage in bridge connections. 

1.2. Problem Statement 

The method used in Nebraska for connecting precast concrete deck panels to concrete girders to 

create composite section is extending shear connectors (i.e., threaded rods) from the concrete girder into 

HSS-formed shear pockets in the deck panels, and then filling the pockets and haunch area using self-

consolidating concrete (SCC) as shown in Figure 1.2. This method requires high level of quality 

control/quality assurance (QA/QC) in spacing the shear connectors during girder fabrication as well as 

shear pockets during panel fabrication to avoid any conflict between them during erection. It also requires 

shear connectors to achieve minimum embedment in the shear pockets to develop the design capacity, 

which necessitates adjusting connectorôs height to compensate for girder camber. Therefore, there is a need 

Not applicable

Other

Steel

Wood or Timber

Concrete Precast Panel

Concrete CIP
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for research to investigate alternative economical deck-to-girder connection that simplifies girder design 

and production as well as panel erection. The new connection provides full composite action while 

maintaining deck durability and speed of construction. 

 

Figure 1.02: Precast Concrete Deck-to-Girder Connection using threaded rods and HSS-formed shear 

pockets in the deck panels. 

1.3. Research Objectives 

The general objective of this research is to promote the use of UHPC in the construction of precast 

deck-to-girder system bridges. The specific objectives are to:  

1. Develop a new UHPC connection between precast concrete deck panels and 

precast/prestressed concrete girders that eliminates any changes to girder design/production 

and any possible conflict between deck and girder reinforcement. 

2. Investigate the interface shear resistance of monolithic UHPC. 

3. Investigate the interface shear resistance of fresh UHPC cast on hardened conventional 

concrete. 

4. Investigate the constructability and structural performance of the new connection through full-

scale push-off test. 

5. Provide design procedure and recommendations. 

1.4. Report Outline 

This report consists of six chapters as follows.  
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Chapter 1 - Introduction  

Chapter 2 - Literature Review: The literature review presents the existing deck-to-girder 

connections using UHPC and the interface shear resistance of UHPC. Two different interface shear planes 

are controlling the design of deck-to-girder bridge connections; interface shear plane in monolithic UHPC 

and between fresh UHPC and hardened conventional concrete (CC-UHPC). This chapter summaries the 

different test methods conducted to evaluate the resistance of these two planes 

Chapter 3 ï Proposed Deck-To-Girder Connection: This chapter introduces a new UHPC 

connection between precast concrete deck panels and precast/prestressed concrete girders that eliminates 

any changes to girder design/production and any possible conflict between deck and girder reinforcement. 

The new connection makes advantage of the excellent mechanical properties of UHPC as well as its 

exceptional workability and durability. UHPC is used to fill the shear pockets and haunches between deck 

panels and supporting girders to create composite systems. This connection does not require girder shear 

connectors to be embedded inside deck panels, which eliminates any possible conflicts during panel 

erection. Also, the construction sequence of the new bridge connection and study methodology are 

presented. 

Chapter 4 ï Experimental Investigation: This chapter illustrates the experimental investigation 

procedure, small-scale and full-scale testing, to evaluate the interface shear resistance of monolithic UHPC 

and of fresh UHPC cast on hardened conventional concrete (CC-UHPC). Direct shear, L-shape push-off, 

double shear push-off tests were conducted to evaluate interface shear resistance of monolithic UHPC. The 

literature review conducted on interface shear resistance of CC-UHPC was summarized and analyzed to 

propose prediction equations. Then, slant shear test and L-shape push-off test were conducted to evaluate 

and validate these equations. The constructability and structural performance of the proposed connection 

was investigated through full -scale push-off tests. The full -scale specimens were designed to use 3 ft. 

spacing between shear pockets. 

Chapter 5 ï Design Procedure: This chapter provides a design methodology for the proposed 

connection based on the prediction equations obtained from experimental investigations. An example 

bridge from PCI Bridge Design Manual 2014 (PCI BDM Ex. 9.1a) is used to present the design procedure 

of the proposed connection. Design aid charts were generated to simplify the connection design. 

Chapter 6 ï Conclusions and Recommendations: This chapter presents a brief summary and 

conclusions drawn from the experimental investigation and construction recommendations for using UHPC 

as a grouting material in a new deck-to-concrete girder concrete connection. These recommendations were 
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developed based on the test results and the experience gained from the full-scale push-off testing in Chapter 

4. 
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Chapter 2. Literature Review 

2.1. Introduction  

The literature review presents the existing deck-to-girder connections using UHPC and the 

interface shear resistance of UHPC. Two different interface shear planes are controlling the design of deck-

to-girder bridge connections; interface shear plane in monolithic UHPC and between fresh UHPC and 

hardened conventional concrete (CC-UHPC). This chapter summaries the different test methods conducted 

to evaluate the resistance of these two planes 

2.2. Deck-To-Girder Bridge Connection Using UHPC  

This section summarizes the literature review conducted on UHPC used for deck-to-girder 

connections. Typically, this connection is made of shear connectors, such as bent rebars or threaded rods in 

concrete girders, and shear studs in steel girders, that are embedded into discrete shear pockets or continuous 

troughs in the precast concrete deck panels. Then, a flowable concrete or grout is used to fill these pockets 

or troughs to establish the connection. One of the disadvantages of these systems is that shear connectors 

are required to have minimum embedment into the shear pockets/troughs to develop the design capacity, 

which necessitates high level of QA/QC and complicates girder and panel production. 

A new UHPC connection concept was developed to eliminate this problem and simplify production 

and erection procedure, which consequently improve construction speed and economy. A series of interstate 

highway bridges near Syracuse, NY were constructed using this UHPC deck-to-girder connections 

developed by NYSDOT (Graybeal 2014). The connection consists of panel-to-panel longitudinal shear key 

with lap spliced transverse reinforcing rebars over the girder lines. Conventional shear connectors (¾ in. x 

3 ¼ in.) are welded to the top flange of the steel I-girder as shown in Figure 2.1. The V-shaped shear keys 

have roughened/exposed aggregate finish to properly bond with the field-cast UHPC that connects the 

adjacent panels to each other and to the supporting girders. Dimensions of the longitudinal joint is typically 

7 in. at the top and bottom of the deck slab and 10 in. at the middle of deck slab. Length and spacing of lap 

splices depend on bar size and type. 
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1
4" Intentionally

Roughened Surface

Shear Studs
UHPC

Lap Splice

I-Beam Steel Girder

Continous Deck Support

Longitudinal Shear Key

 

Figure 2.1: Panel-to-Panel Connection over Steel Girder (Graybeal 2014) 

Another precast concrete deck-to-steel girder connection was recently developed and tested using 

UHPC (Graybeal 2014). In this connection, ¾ in. x 3 ¼ in. shear studs are installed on the girder top flange 

similar to cast-in-place (CIP) deck construction (i.e. similar spacing requirements). A 10.5 in. wide and 4.5 

in. deep trough with exposed aggregate finish is formed in precast concrete deck slab with 2 in. grouting 

holes every 24 in. over each girder line as shown in Figure 2.2a. Shear studs are kept below the bottom mat 

of deck reinforcement without embedment in the deck panels to simplify panel and girder production and 

eliminate any conflicts during panel installation. An interstate highway bridge near Syracuse, NY was 

constructed using this connection concept with single field casting of UHPC through grouting holes for 

each girder line to hide the connection and eliminate the need for deck overlay. The same concept can be 

used with concrete girders by replacing the shear studs with conventional shear reinforcement (i.e. U bars) 

that are extended above the top flange and below the bottom mat of deck reinforcement (Graybeal 2014) as 

shown in Figure 2.2b. This connection has been tested but not implemented yet. 

Aggregate Exposed

Horizontal Shear

Reinforcement UHPC

Shear Key

Bulb I-Beam

Concrete Girder

Discrete Deck

Support

1
4" Intentionally

Roughened Surface

Aggregate Exposed

Shear Studs

UHPC

Shear Key

I-Beam

Steel Girder

Discrete Deck

Support

(a)

(b)  

Figure 2.2: Hidden UHPC Deck-to-Girder Connection in Steel Girder (a) and Concrete Girder (b) 

(Graybeal 2014) 

Recently, a study was conducted on implementing UHPC as a grout for deck-to-steel girder 

composite connection using two new concepts (Haber et al. 2017): a) using shear lugs through deck slab 

with different areas, and b) using vertical rebar dowels from the deck slab to connection without lugs as 
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shown in Figure 2.3. The second concept was investigated for different haunch thicknesses 5 in. and 3.5 in. 

and different distributions of shear studs. Push-off specimens were fabricated by having a symmetric layout 

with W10x60 steel beam at the middle connected to two 20 in. x 24 in. precast slabs through a grouted 

UHPC connection.  The push-off test was performed by applying the shear force on the steel stub and 

evaluate the connection performance at the shear interface surface. The UHPC shear lugs have shown to be 

effective in transferring shear forces and the location and number of shear studs have an effect of the 

capacity of the connection. Adding rebar dowels to the connection increases the shear resistance, develops 

better anchorage, and achieve ductile failure behavior due to rebar dowel action.  

UHPC Shear Lug

Steel Beam

Shear Studs

Rebar Dowels

Steel Beam

Shear Studs UHPC

Precast PanelsPrecast Panels

(a) (b)
 

Figure 2.3: New Haunch-to-Deck Connection Using UHPC through Shear Lug (a) and Rebar Dowels (b) 

(Haber et al. 2017) 

2.3. Interface Shear Resistance of UHPC 

The interface shear resistance is the maximum shear stress that prevents the relative slide between 

two different concrete layers. The interface shear behavior between two different concretes was first 

presented by Birkeland and Birkeland (1966). Shear friction, concrete surface cohesion and dowel action 

are the main mechanisms that control the interface shear resistance as shown in Figure 2.4. The interface 

shear resistance of concrete-to-concrete planes controls the design of many reinforced concrete structures. 

The capacity of the horizontal shear planes governs the achievement of composite action between precast 

concrete girders and bridge deck. In recent years, the use of UHPC in bridge construction has been growing 

significantly. The exceptional properties of UHPC simplify the deck-to-girder connections in Accelerated 

Bridge Construction (ABC) projects. The interface shear resistance of UHPC can be summarized in four 

categories with and without reinforcement: 

1. Interface shear resistance of Monolithic UHPC 

2. Interface shear resistance between hardened conventional concrete and fresh UHPC (CC-

UHPC) 

3. Interface shear resistance between hardened UHPC and fresh conventional concrete (UHPC-CC) 

4. Interface shear resistance between hardened and fresh UHPC (UHPC-UHPC) 
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Figure 2.4: Interface Shear Friction Theory (Brikelan and Birkeland 1966). 

2.3.1. Interface Shear Resistance of Monolithic UHPC 

Crane (2010) performed vertical interface shear push-off tests of monolithic UHPC specimens to 

determine whether ACI 318 (2008) and AASHTO LRFD (2007) equations of interface shear are applicable 

to monolithic UHPC. UHPC specimens with un-cracked and pre-cracked interfaces, and with reinforcement 

ratios of 0 and 0.5% were tested. Three identical push-off specimens were tested for each combination of 

interface type and reinforcement ratio as shown in Figure 2.5. Test results indicated that the ultimate 

interface shear strength was significantly higher than that predicted for monolithic concrete in all cases. 

Regression analysis was performed to estimate UHPC cohesion and friction coefficients (c and ɛ). For un-

cracked UHPC, ɛ = 4.5, and c = 2 ksi were proposed, and for cracked monolithic UHPC, ɛ = 4.0, and c = 

0.65 ksi were proposed. These high values were attributed to the contribution of the steel fibers distributed 

across pre-existing cracks even when no mild shear reinforcement is used. Also as expected, the specimens 

with reinforced UHPC exhibited more ductile behavior than those with unreinforced UHPC. The average 

interface shear strength of un-cracked monolithic UHPC increases by 48% with the increase of interface 

reinforcement ratio from 0 to 0.5% as shown in Figure 2.6. 

ɛ 
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Figure 2.5: Vertical Interface Shear Push-off specimen of Monolithic UHPC (Crane 2010) 

 

Figure 2.6: Average Interface Shear Strength of Monolithic UHPC with and without Interface 

reinforcement (Crane 2010) 

Maroliya (2012) investigated the behavior of reactive powder concrete (which is another term for 

UHPC) in direct interface shear. A series of direct shear specimens having inverted ñLò shape in shear 

failure plane were tested using monolithic UHPC with different percentages of steel fibers as shown in 

Figure 2.7. Test results showed that plain UHPC samples failed in a brittle manner at the first-crack load, 
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which happens to be the maximum load taken by the specimen. On the other hand, samples having 2.5% 

fibers indicated multiple visible cracks, while samples having 2% fibers resulted in a maximum load much 

higher than the first-crack load, which clearly reflects failure after the strain hardening of the material. 

These results helped concluding that UHPC exhibits a ductile failure mode depending on the percentage of 

fibers. Figure 2.8 shows the effect of different fiber content and curing methods on the direct shear strength 

of monolithic UHPC. Results also indicated an average value of direct shear strength for normal cured 

monolithic UHPC with 2% fiber volume fraction of about 2 ksi. 

Applied Load

L-Shape UHPC

Steel Plate

90 (3.54)

1
5

0
 (

5
.9
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Figure 2.7: Shear Testing on Inverted L-Shape UHPC Specimen (Maroliya 2012) 

 

Figure 2.8: Effect of Fiber Content and Curing Methods on Direct Shear Strength of Monolithic UHPC 

without Interface reinforcement (Maroliya 2012) 

Jang et al. (2017) conducted vertical shear test on L-shape specimen to evaluate the monolithic 

interface shear resistance of UHPC without interface reinforcement as shown in Figure 2.9. The UHPC 

matrix consists of water-to-binder ratio (W/B) of 0.14, type I/II Portland cement, Australian silica sand, and 
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silica with a fiber content of 1.5% of volume. The UHPC achieved 29.08 ksi at 91 days.  A vertical load 

was applied on the specimen with a rate of 0.024 in./min. till failure. Four LVDTs were used to capture the 

horizontal and relative vertical displacement in the L-shape specimen. The interface shear resistance of 

monolithic UHPC without interface reinforcement was 2.72 ksi with interface shear area of 46.50 in.2. 

 

Figure 2.9: Monolithic L-Shape UHPC Specimen Test Setup and Specimen Dimensions (Jang et al. 2017) 

Small and large scale push off testing were performed to obtain the direct shear capacity of UHPC 

(Haber et al. 2017). Three small specimens composed of 6 in. long with 2 in. square cross section beams 

were tested for a given age by applying vertical load on the beam that was fixed by square supports from 

both ends. The UHPC were poured from one end for controlling the fiber orientation to be perpendicular to 

the applied loads. 14 in. by 24 in. two precast concrete slab with lug pockets were pre-fabricated and the 

lugs were filled with UHPC with a stub. A vertical load was applied on the UHPC stub to investigate the 

shear capacity of the proposed UHPC shear lugs. The direct shear testing for the small and large specimens 

are shown in Figure 2.10. The Specimens exhibit a double shear failure and the test results are summarized 

in Figure 2.11. A range of 4 ksi to 8 ksi UHPC direct shear capacity could be achieved according to the 

tested specimens. 
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Figure 2.10: Small and Large Scale Push-off Test of Monolithic UHPC without Interface reinforcement 

(Haber et al. 2017) 

 

Figure 2.11: Small and Large Scale Push-off Test of Monolithic UHPC without Interface reinforcement 

(Haber et al. 2017) 

2.3.2. Interface Shear Resistance between Hardened Conventional Concrete and Fresh UHPC 

(CC-UHPC)   

Slant shear test and L-shape tests are the most common testing techniques to evaluate the interface 

shear resistance between UHPC cast on hardened conventional concrete (CC-UHPC) with and without 

interface reinforcement. 
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 Slant shear test is conducted to evaluate the bond resistance over the interface plane between two 

different types of materials. The type and dimensions of slant shear specimens and interface angle changes 

according to applied codes as shown in Table 2.1. However, British and French standards use prism 

specimen and ASTM C882 uses cylindrical specimen, the interface plane angle with the horizontal axis is 

60ę. Several parameters influence slant shear bond capacity such as interface plane angle and surface 

texture.  

Table 2.1: Slant Shear Composite Specimen Dimensions in Different Codes 

Code 
Type of 

Specimen 
Dimensions 

Interface Plane Angle 

with Horizontal Axis 

ASTM 

C882/C882M-13a 
Cylinder 3x6 in. 60ę 

BS EN 12615:1999 Prism 3.9x3.9x15.7 in. or 1.6x1.6x6.3 in 60ę 

French standard 

NFP 18-872 
Prism 3.9x3.9x11.8 in 60ę 

ASTM C882/C882M-13a is mainly for determining the bond resistance of adding a layer of epoxy-

resin-base material between either two hardened or hardened and fresh Portland-cement concrete. The slant 

shear test is performed on 3 in. by 6 in. specimens with an interface plane angle of 60° with horizontal axis 

as shown in Figure 2.12. The specimen sections are prepared by placing Portland-cement mortar in the 

mold in two layers of approximately equal volume which was uniformly rodded 25 time per each layer. 

The compressive strength of the concrete section should have at least 4500 psi at 28 days after being cured. 

Based on 60° angle inclined interface plane, the area of the elliptical interface plane is twice the area of the 

specimen base. The specimens shall be tested at 73 ± 2 °F in compression after capping in accordance with 

test method C39/C39M. A minimum of three composite specimens are required for each testing type.  

60°

3" ± 0.08"

5.6" ± 0.08"

0.4" ± 0.08"

 

Figure 2.12: Portland-Cement Concrete Section Dimensions. 
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The interface shear resistance between a UHPC overlay and hardened normal concrete substrate 

with different textures was investigated by three different test procedures; slant shear test, flexural test, and 

split prism test (Harris et al. 2011). The slant shear test was performed according to ASTM C882/C882M 

to evaluate the interface shear resistance using 3×6 in. composite cylinders. A total of twenty-seven 

composite cylinders were fabricated and tested. The hardened section composed of Type III normal 

concrete mortar that had 5000 psi at 28 days with moist curing. Three different surface textures were applied 

to the interface shear plane; smooth (no surface preparation), low roughened (average depth of 0.1 in.), and 

high roughened (0.20 in. transverse grooves) surfaces as shown in Figure 2.13(a).  Wire brush treatment 

and handheld metal grinder were used to obtain the low and high roughened surfaces respectively. Also, 

trapezoidal shear key (fluted), with 0.50 in. depth and 0.63 in.2 area, was prepared as a precast scenario for 

using UHPC as a protective overlay. The hardened concrete mortar sections were placed back inside the 

molds and filled with UHPC. The composite specimens were cured under ambient conditions for 10 days 

till the UHPC and normal concrete gained compressive strength of 15 ksi and 5 ksi, respectively. The 

composite specimens were loaded under compression until failure happened either on the interface plane 

or the concrete crashed as shown in Figure 2.13(b). The interface shear resistance was calculated by dividing 

the peak load by the interface surface area. 

       

(a) (b) 

Figure 2.13: Slant Shear Test; (a) Mortar Different Roughened Surfaces and Trapezoidal Shear Key, (b) 

Test Setup (Harris et al. 2011) 

However, the composite specimens with smooth interface exhibited failure along interface plane, 

the roughened interface specimens had a normal concrete failure under compression as shown in Figure 

2.14. The average interface shear resistance for smooth surface was 1.6 ksi and it increased with 28%, 56%, 

and 57% with applying low roughened, high roughened surfaces, and shear key respectively as shown in 
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Figure 2.15.  The slant shear test results show that the interface shear resistance increases with higher 

interface roughening. 

  

(a) (b) 

Figure 2.14: Failure Modes; (a) Failure along Interface Plane, (b) Normal Concrete Failure (Harris et 

al. 2011) 

 

Figure 2.15: Interface Shear Resistance of Cement Type III Mortar with Different Surface Textures 

(Harris et al. 2011) 

Tayeh et al. (2012) investigated the mechanical and permeability properties of interface between 

CC substrate which represents old concrete structures and an overlay of ultra-high performance fiber 

concrete (UHPFC) as a repair material. The interface shear resistance and influence of different surface 

roughening were evaluated through performing slant shear test and splitting tensile test. The mix 

proportions of UHPFC and CC are shown in Figure 2.16(a). The slant shear composite specimens were 

fabricated using prism of 3.9x3.9x11.8 in. with interface angle with vertical of 30°. the interface plane was 

prepared with five different surface textures; without preparation, sand blasted, wire brushed, drilled holes 

(0.4 in. diameter and 0.2 depth), and grooved (0.4 in. width and 0.2 in. depth) as shown in Figure 2.16(b). 
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The compressive strength of CC and UHPFC at 28 days are 6.53 and 24.66 ksi, respectively. The test was 

conducted according to ASTM C288 and the test setup is shown in Figure 2.16(c).  

 

(a) 

 
 

(b) (c) 

Figure 2.16: (a) Mix Proportions of UHPFC and CC, (b) Surface Textures, and (c) Test Configuration 

(Tayeh et al. 2012) 

Four different failure modes were observed; pure interfacial failure, interfacial failure with minor 

CC cracking, interfacial failure with CC fracture, and substrata failure. The interface shear resistance was 

calculated by dividing the maximum applied load by the interface contact area. The sand-blasted texture 

specimens give the highest interface shear resistance of 2.58 ksi. The surface texture clearly influences the 

interface shear resistance, as compared to surface without preparation, the interface shear resistance 



 

18 

increases with 105%, 60%, 47%, and 41% for sand blasted, grooved, wire brushed, and drilled holes 

surfaces as shown in Figure 2.17. 

 

Figure 2.17: Different Surface Texture Effect on Interface Shear Resistance of CC-UHPC (Tayeh et al. 

2012) 

Muñnoz (2012) conducted a study on using UHPC as a repair material by investigating the interface 

shear resistance between UHPC and normal concrete. The interface shear resistance was evaluated by three 

different test methods; slant shear test, splitting prism test, and pull-off test. The slant shear test was 

conducted to obtain the interface shear resistance of different surface preparation treatment and interface 

angles. The slant shear composite specimens were 3.5x3.5x14 in prism to allow casting concrete substrate 

contrasting ASTM C 882 that use mortar substrate as shown in Figure 2.18. This study focused on four 

different surface textures; roughening, brushed, sandblasted, grooved, and roughened (exposed aggregate), 

and two different interface angles with horizontal axis, 60° and 70°. The normal concrete sections were 

casted in wooden forms and cured in two stages; 24 hours in moist cure before demolding and Then in a 

lime water tank for 28 days. The compressive strength of normal concrete mixes was 6.46 ksi, 6.61 ksi, and 

8.11 ksi for grooved and brushed, roughened, and sandblasted surface texture specimens respectively. A 

steel brush and drill-bit, sandblasting equipment, wet saw, and concrete retarder were used to obtain the 

brushed, sandblasted, grooved, and roughened interface surface textures respectively. Two different 

methods were used to evaluate the roughening degree, the macrotexture depth test and the Concrete Surface 

Preparation index (CSP) given by ICRI guide. Figure 2.19 and Table 2.2 shows the different surface textures 

and the degree of roughening measurement.  
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Figure 2.18: Slant Shear Composite Specimen Dimensions (Muñnoz 2012). 

    

(a) Brushed (b) Sandblasted (c) Grooved (d) Roughened 

Figure 2.19: Different Surface Textures (Muñnoz 2012). 

Table 2.22: the macrotexture depths of prepared surfaces ((Muñnoz 2012) 

Surface ICRI Profile  Macrotexture Depth (in) 

Brushed 1,3 0.03 

Sandblasted 4,5 0.03 

Grooved Not applicable Not applicable 

Rough Aggregate exposure >8,9 0.09 

The composite specimens consisted of hardened CC blocks with prepared interface surface texture 

after curing in a water tank and Ductal®JS1000 UHPC poured on the blocks. Four composite specimens 

were tested at 8 days for each texture. A load rate of 35 psi/second was used to apply compression load 

using Baldwin CT 300 hydraulic load frame till failure as shown in Figure 2.20. The tested specimens 

exhibited different failure modes. The slant shear specimens with 60° interface angle and 8 days of UHPC 

exhibited CC failure. However, the 70° interface angle brushed surface specimens had bond failure, the 

other surface textures expressed CC failure. Figure 2.21 shows the effect of interface angle on the interface 

shear strength for different surface texture at 8 days of UHPC. The interface Shear Resistance was 

calculated by dividing the maximum applied load by the interface contact area. The interface shear 
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resistance of sandblasted specimens is the highest compared to the other surface texture specimens. The 

higher compressive strength of sandblasted CC section might give a wrong conclusion as mention by the 

authors. Failure modes and interface shear resistance are affected by the change of the interface angles. The 

interface shear resistance at 8 days for all surface preparations exceeded the requirements specified by ACI 

546.3R-06 at 7 days and satisfied the minimum bond requirements for 28 days. 

 

Figure 2.20: Slant Shear Test Configuration (Muñnoz 2012). 

 

Figure 2.21: Effect of Interface Angle on Interface Shear Resistance at 8 Days of UHPC (Muñnoz 2012). 

Rangaraju et al. (2013) performed a study on developing local UHPC using available materials in 

South Carolina and evaluating its performance as shear key grout for NEXT-D bridge design. Slant shear 

test was conducted to evaluate the interface shear resistance of the local UHPC as a part of determining the 
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local UHPC properties. The slant test was performed according to ASTM C882 with modifications, using 

normal concrete representing bridge deck instead of concrete mortar. The normal concrete was casted in 

3x6 in cylinders and moist-cured for a 28-day period. The range of normal concrete compressive strength 

was from 5.92 to 7.61 ksi. The interface surface was then treated by sand-blasting to obtain a roughened 

surface. Four different UHPC mixes were poured on the top of normal concrete section, demolded after 1 

day, and moist-cured for 6 days. The composite specimens were tested at 7 and 28 days under compression 

rate according to ASTM C39. However, most of the specimens failed in the normal concrete portion, one 

specimen exhibited bond failure. The interface shear resistance and failure modes are shown in Table 2.3. 

Table 2.3: Different Mix Proportions Used in Evaluating Local UHPC Properties, Ib/Yard3 (Rangaraju 

et al. 2013) 

UHPC ID Cement Sand Silica fume (SF) Water SP, % Steel microfiber** 

UHPC 1 1601 2002 - 320 RQ - 

UHPC 2 1300 1949 260 312 RQ - 

UHPC 3 1273 1909 255 305 RQ 270 

UHPC 4 1249 1873 250 300 RQ 270 

*SP quantity is expressed in terms of percentage by weight of the total cementitious material (cement 

+ silica fume)  

**microfiber dosage is expressed in terms of percentage by volume of the non-microfiber mixture 

RQ indicates required quantity to obtain a full flow of 150% 

Table 2.4: Slant Shear Test Results and Failure Modes (Rangaraju et al. 2013) 

UHPC ID 

Maximum Applied Force 

7-days 28-days 

Average, 

kips 

COV, 

% 

Failure 

Location 

Average, 

kips 

COV, 

% 

Failure 

Location 

UHPC 1 28.3 2.0 Concrete 46.2 4.7 Concrete 

UHPC 2 32.7 8.4 Concrete 56.2 5.2 Concrete+UHPC 

UHPC 3 64.6 6.6 Bond+Concrete 58.5 9.6 Concrete 

UHPC 4 62.7 11.2 Concrete 66.9 10.5 Concrete 

The shear transfer behavior across the interface plane between UHPC and CC was investigated 

analytically and experimentally by conducting slant shear test and flexural test (Aaleti and Sritharan 2017). 

The slant shear testing was performed to evaluate the effect of CC compressive strength, interface 

roughness, curing condition, and pouring sequence on the direct shear transfer behavior. Prismatic 

specimens consist of normal concrete with five different texture along the interface plane and cast in place 

UHPC were used for performing the slant shear test. The composite specimen dimensions were 4.5 in. × 6 

in. in cross-section and 24 in. long and interface angle of 53.1° with the horizontal axis as shown in Figure 

2.22.  
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Figure 2.22: Test Setup and Instrumentation of Large Prism Slant Shear Test (Aaleti and Sritharan 2017) 

A total of sixty specimens were fabricated with three normal concrete compressive strength, five 

different textures, and four different curing conditions as shown in Table 2.5. The surface textures were 

obtained by adding form liners to the interface shear plane. The five surface textures represented low 

roughness (< 0.06 in.), medium roughness (0.12 in.), and high roughness (0.2 in. to 0.25 in.). The CC 

sections of composite specimens were cast vertically, and their compressive strength were obtained at 28 

days and at the time of slant shear specimen testing. Then, Ductal JS1000 UHPC was used to cast the second 

section of composite specimens. The texture depth of composite section was measured before pouring the 

second half to ensure the depth. Based on ASTM C882, a uniaxial compression load was applied at the end 

of the composite slant shear specimens using a universal testing machine as shown in Figure 2.22. Four 

linear variable differential transducers (LVDTs) were used to capture the slip at the interface shear plane. 

Two rotation meters were used to capture any rotation induced by possible eccentricity of loading. 

Table 2.5: Summary of UHPC-CC Interface Test Matrix (Aaleti and Sritharan 2017) 

Specimen Type Texture (# of specimens) Casting Sequence 
Target CC 

Strength 

UHPCw-CC5 5 textures (3 per texture) Wet UHPC over cured CC 5 ksi 

UHPCw-CC7 5 textures (3 per texture) Wet UHPC over cured CC 7 ksi 

UHPCw-CC10 5 textures (3 per texture) Wet UHPC over cured CC 10 ksi 

UHPCh-CC5 5 textures (3 per texture) Wet CC on heat-treated UHPC 5 ksi 

Two failure modes were exhibited by the slant shear specimens, bond failure or CC failure, as 

shown in Figure 2.23. The authors did FRP retrofitting to CC section of some specimens that did not 

experience significant sliding due to splitting cracks in CC. The interface shear resistance was calculated 

by dividing the maximum load along the inclined plane by the interface contact area. Figure 2.24 shows 
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average interface shear resistance of three specimens for different surface texture depths and concrete 

compressive strength. The interface shear resistance generally increased with the increase of texture 

roughness and concrete strength. Average interface shear resistance of textures deeper than 0.08 in. satisfied 

the ACI 546.3R-06 limits. Also, interface shear capacity calculated based on AASHTO (2010) equations 

were conservative in predicting CC-UHPC interface shear resistance. 

 

Figure 2.23: Samples of CC-UHPC Interfaces of Specimen with Different Failure Modes (Aaleti and 

Sritharan 2017) 
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Figure 2.24: Effect of Surface Texture Depth and CC Compressive Strength on Interface Shear 

Resistance of CC-UHPC (Aaleti and Sritharan 2017) 

Jang et al. (2017) conducted vertical shear test on L-shape specimen to evaluate the interface shear 

resistance of CC-UHPC without interface reinforcement as shown in Figure 2.25. The L-shape specimen 

dimensions are 5.9 x 11.8 x 25.2 in. with interface shear area of 5.9 x 7.9 in. Five different surface treatments 

were applied to the CC sections; smooth, water jet, grooved (0.4 in.), grooved (0.8 in.), and grooved (1.2 

in.) as shown in Figure 2.25. The UHPC matrix consists of water-to-binder ratio (W/B) of 0.14, type I/II 

Portland cement, Australian silica sand, and silica with a fiber content of 1.5% of volume. The conventional 

concrete and UHPC achieved 5.2 and 29.08 ksi respectively.  A vertical load was applied on the specimen 

with a rate of 0.024 in./min. till failure. Four LVDTs were used to capture the horizontal and relative vertical 

displacement in the L-shape specimen. Figure 2.26 shows the average interface shear resistance of CC-

UHPC with different surface treatment. Based on the results, the interface shear resistance of CC-UHPC 

without interface reinforcement increases with the increase of the surface roughening. 
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Figure 2.25: L-Shape Specimen Dimensions and Different Surface Treatment of CC-UHPC (Jang et al. 

2017) 

 

Figure 2.26: L-Shape Test Results of CC-UHPC Specimens (Jang et al. 2017) 

2.4.Existing Provisions for Interface Shear Resistance 

However, AASHTO LRFD Bridge Design Specifications (2017) does not have equations to predict 

the interface shear resistance of UHPC, the NF-P-18-710-UHPC (French Code for UHPC) stated using the 

interface shear resistance equations for CC and stated also two equations for calculating the nominal 

interface shear resistance of UHPC cast on hardened UHPC based on the interface surface texture as 

following: 
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Where: 

c and ɛ: UHPC cohesion and fraction factors depend on interface surface roughening 

ůn: the stress caused by the minimum external axial force across the interface 

ɟ: interface reinforcement ratio across the interface plane 

Ŭ: angle of fiber indentation with the interface shear surface of the hardened UHPC as shown in 

Figure 2.32; 45Á< Ŭ<90Á. 

fctk,el: characteristic value of the tensile limit of elasticity 

fctfk: characteristic value of the post-cracking strength 

fck: characteristic value of compressive strength 

ɔc: partial factor for compressed UHPC (can be reduced to 1.3)  

K: fiber orientation factor 

 The first equation predicts the nominal interface shear resistance for smooth surface and the 

second one in case of fluted surface. Figure 2.27 shows the limits that must be satisfied to consider the 

surface is fluted. Also, the depth of indentation ñdò must be larger than twice the length of the longest 

fibers contributing to ensuring non-brittleness. Table 2.6 shows the UHPC cohesion and friction factors 

with different surface textures. 

 

Figure 2.27: Fluted Construction Joint with Indented Fibers (NF-P-18-710-UHPC 2016) 
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Table 2.6: UHPC Cohesion and Friction Factors of UHPC for Different Surface Textures based on NF-

P-18-710-UHPC 2016 

UHPC Surface Texture 
UHPC Cohesion 

Factor (c) 

UHPC Friction 

Factor (ɛ) 

Formed Clean Surface 0.025-0.10 0.5 

Un-Formed Clean Surface 0.2 0.6 

Roughened Clean Surface with Form liner 0.4 0.7 

Clean Fluted Surface 0.5 1.4 
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Chapter 3. Proposed Deck-To-Girder Connection 

3.1. Introduction  

This chapter presents a new UHPC connection between precast concrete deck panels and NU 

precast/prestressed concrete girders that eliminates any changes to girder design/production and any 

possible conflict between deck and girder reinforcement. The initial design was forming trough through the 

width of the panel which consume huge quantities of UHPC. This design was updated to using a corrugated 

shear pockets with No. 5 loops as final design. A deign example and the experimental investigation 

procedure are presented. 

3.2. Initial Design 

Based on the literature review, the current precast concrete deck-to-girder connections using UHPC 

consist of open longitudinal joints or covered longitudinal troughs with exposed aggregate finish and 

grouting holes every 24 in. over each girder line. These two systems consume large quantities of UHPC to 

fill the joints and haunches that impact significantly the system economics based on the high price of UHPC. 

Also, using opened/covered longitudinal joints prevent transverse prestressing of concrete deck panels that 

limits the size of precast panels. 

The initial design was forming trough along the width of the panel and casting UHPC through 

grouting holes to fill the trough and haunch (Abo El-Khier, at el. 2018). Figure 3.1 and Figure 3.2 show 

two alternatives for forming the haunch: option I requires continuous deck support system and large 

quantity of UHPC, and option II requires discrete deck support system, compressible material, and smaller 

quantity of UHPC. Figure 3.3 shows a preliminary design of the panel trough proposed for this application. 

Figure 3.4 shows two alternatives for panel reinforcement and pre-tensioning strands: Option I with solid 

concrete zones at the panel ends and middle to provide two layers of pre-tensioning stands at these locations; 

and Option II with three equal troughs and two layer of pre-tensioning strands at the solid concrete zones. 

The main advantage of these options over the continuous trough concept presented in the literature is the 

use of pre-tensioning strands to transversely prestress the precast concrete panels, which minimizes panel 

cracking during handling and transportation. 
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Figure 3.01: Initial Design Connection (Option I) 
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Figure 3.02: Initial Design Connection (Option II) 

   

Figure 3.03: Initial Design Proposed Panel Trough. 
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Figure 3.4: Alternatives for Panel Reinforcement and Pre-Tensioning. 



 

31 

3.3. Proposed Deck-to-Girder Connection Using UHPC 

The initial design required a huge amount of UHPC to fill the trough and haunch that leads to 

making the proposed system not economic. Also, the deck panel solid parts would exhibit high stress 

concentration due to the pre-tensioned strands. To simplify the initial design, the haunch is eliminated and 

replaced with discrete round shear pockets. Figure 3.5 shows the proposed precast concrete deck-to-girder 

connection using UHPC supported by precast/prestressed concrete girders. In this connection, discrete 

round shear pockets 4 ï 8 in. in diameter are formed in the deck panels every 2 - 4 ft. over each girder line. 

The diameter and spacing of these pockets are determined based on the interface shear demand. Girder 

interface shear reinforcement is the same as it is in case of CIP concrete bridge decks but lowered to remain 

below the soffit of deck panels. Once all panels are installed at the desired elevation using support angles 

or leveling bolts, a loop bar is inserted in each shear pocket to cross the interface between the two 

components. The shear pockets and haunches are, then, filled with UHPC cast from the shear pocket 

openings to connect the two components and achieve the composite section. The side surface of the shear 

pockets should be roughened using either form liner or exposed aggregate to provide adequate bond 

between UHPC and the deck panel concrete. Also, blocks of compressible material are recommended as 

shown in Fig. 3.5 to form the haunch area and reduce the quantity of field cast UHPC. The same concept 

can be used to connect precast concrete deck panels to steel girders with conventional shear studs as shown 

in Figure 3.6, which is not the focus of this study . 
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Figure 3.5: Proposed Precast Concrete Deck-To-Concrete Girder Connection 
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Figure 3.6: Proposed Precast Concrete Deck-To-Steel Girder Connection 

The proposed connection allows transverse prestressing of precast deck panels as shown in Figure 

3.7. Prestressing the deck panels decreases significantly the deck reinforcement besides eliminating the 

need for forming the overhangs. Also, prestressing deck panels allow using large panels that reduce the 

construction time and minimize the number of open joints that need to be ground for leveling the surface. 

The round shape of proposed shear pocket eliminates any tolerance limits for adding the loop bar and keep 

it in position as shown in Figure 3.7. 

Two critical interface shear planes exist in this connection as shown in Figure 3.8. The first plane 

is at the girder top surface between fresh UHPC and hardened conventional concrete (CC-UHPC), which 

is intentionally roughened surface as a common practice. The second plane is at the soffit of the deck panels 

across the monolithic UHPC. The loop bar placed in each pocket crosses the second plane to enhance its 

interface shear resistance. Also, the roughened side surface of the shear pocket prevents pocket pull-out 

from the deck panel concrete. Since current AASHTO LRFD Bridge Design Specifications 2017 does not 

provide equations for predicting the interface shear resistance of either monolithic UHPC or CC-UHPC, 

experimental investigations are conducted to understand the new connection behavior and predict the 

interface shear resistance of connection. 
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Figure 3.7: Panel Reinforcement and Pre-Tensioning for Proposed Connection. 

 






































































































